We demonstrated previously that receiving long-term phototherapy was associated with early impairment of growth plate structure in neonatal rats, and oxidative stress may be the main risk factor for growth plate injury. The purpose of this study was to examine the histomorphometric effects of pentoxifylline treatment on the growth plate. Sixty weanling Sprague-Dawley rats were randomly separated into three equal groups. Group A, the control group, did not receive phototherapy and pentoxifylline. Groups B and C were exposed to phototherapy for 7 d. In addition to phototherapy, group C was also given pentoxifylline during the study period. Compared with zonal lengths on d 7 after initiation of phototherapy, group B had significantly lower values than group A for all zonal lengths (p Ͻ 0.001). Zonal lengths of growth plate were increased significantly with pentoxifylline treatment in group C for 7 d compared with group B (p Ͻ 0.001). After phototherapy, group B had significantly higher values than groups A and C for plasma malondialdehyde levels (p Ͻ 0.001). The pentoxifylline was found here to have some potential to reduce the effects of phototherapy on growth plate in neonatal rats at a relatively low dose. T he growth plate is a highly organized cartilage structure located between the epiphyseal and metaphyseal bones at the distal ends of the long bones (1). Longitudinal bone growth is the result of chondrocyte proliferation and subsequent differentiation in the epiphyseal growth plates of the long bones. It is regulated by a multitude of genetic and hormonal factors, growth factors, environment, and nutrition (2-5). Regarding effects of radiation therapy on chondrocytes, Pateder et al. observed no change in transforming growth factor ␤ (TGF-␤) gene expression (6), whereas Margulies et al. found that TGF-␤ expression decreased and fibroblast growth factor 2 increased after irradiation (7). Moreover, there is evidence that growth plate chondrocytes, osteoclast precursors, and vascular endothelial cells are more sensitive to radiation than osteoblasts (8 -10). All these contribute to establishing the final height of an individual.
T he growth plate is a highly organized cartilage structure located between the epiphyseal and metaphyseal bones at the distal ends of the long bones (1) . Longitudinal bone growth is the result of chondrocyte proliferation and subsequent differentiation in the epiphyseal growth plates of the long bones. It is regulated by a multitude of genetic and hormonal factors, growth factors, environment, and nutrition (2) (3) (4) (5) . Regarding effects of radiation therapy on chondrocytes, Pateder et al. observed no change in transforming growth factor ␤ (TGF-␤) gene expression (6), whereas Margulies et al. found that TGF-␤ expression decreased and fibroblast growth factor 2 increased after irradiation (7) . Moreover, there is evidence that growth plate chondrocytes, osteoclast precursors, and vascular endothelial cells are more sensitive to radiation than osteoblasts (8 -10) . All these contribute to establishing the final height of an individual.
Phototherapy administered to newborns with jaundice is considered to be a rather benign procedure with few side effects such as rash, loose stools, increased insensible water loss, and dehydration (11) . Although phototherapy has been in use for a long time and its effects on the body have been studied extensively, so far, no studies have investigated the relationship between the growth plate and phototherapy. We previously showed the damaging effect of phototherapy by increased oxidative stress on growth plate in newborn rats. Moreover, we showed functional damage and a harmful effect on longitudinal growth of phototherapy on the SpragueDawley rat growth plate (12) . Therefore, we hypothesized that pentoxifylline would ameliorate the adverse effects of phototherapy on the growth plate.
METHODS

Study groups.
Sixty weaning Sprague-Dawley rats were randomized into three groups. As all rats in this study were in the first 7 d of life, all were being breast-fed. Group A, the control group, did not receive any treatment. Phototherapy was administered to 40 animals (groups B and C) for 7 d by a bank of two white and two blue lights, with wavelengths of 400 -500 nm, placed 50 cm above the rats. In addition, one half of the phototherapy-exposed rats (group C) were administered pentoxifylline [1-(5-oxohexyl) 3,7-dimethyl xanthine] (TRENTAL, Hoechst, Frankfurt, Germany) at the same time. Each of the 20 animals in group C received an intraperitoneal injection of pentoxifylline at a dose of 50 mg/kg twice daily during the study. This study was performed in the Selcuk University Experimental Research Center with the permission of the Ethics Committee of Selcuk University. Animal rights oversight rules provided by Turkish laws were followed in the study.
Study design. The drug was well tolerated by all the animals. There were no deaths in the observation period. At 7 d after the initiation of phototherapy, the animals were killed by an intraperitoneal injection of Telazol 30 mg/kg (Fort Dodge Animal Health, Fort Dodge, IA). The proximal part of the tibia was split sagittally and fixed in 10% formaldehyde. The 5-m sagittal tibial sections were stained using hematoxylin-eosin. Zonal mean lengths (mm ϫ 10
Ϫ2
) of three different areas covered resting, proliferative, and hypertrophic zones of the growth plate cartilage were measured using an Olympus BH2 (Olympus Optical Co. Ltd., Tokyo, Japan) microscope equipped with a high-resolution video camera. The images were processed by an IBMcompatible personal computer, high-resolution video monitor, and image analysis software (Bs200ProP, BAB Imaging Systems, Ankara, Turkey).
Measurement of growth plate height and zone height. Tibial growth plate heights were determined on hematoxylin-eosin-stained sections. The cartilaginous resting zone was denoted as the region between the secondary center of ossification to the region where chondrocytes align into columns. The proliferative zone comprised the region containing columnar chondrocytes of constant size. The hypertrophic region comprised all enlarged chondrocytes distal to the proliferative zone and proximal to the primary center of ossification. Heights were determined by drawing a vertical line between zones as defined. A minimum of 20 measurements were made along the tibial plateau and the mean vertical height was calculated. Growth plate zone heights were summed up to give total growth plate height representing the distance between the primary and secondary centers of ossification ( Fig. 1) .
Measurement of malondialdehyde. We, therefore, studied malondialdehyde concentrations, which is a commonly used index of lipid peroxide. Blood samples were centrifuged at 3000 rpm for 3 min within 15 min of collection. The supernatant fluid was neutralized with 4 M NaOH. The neutralized supernatant (1 mL) was reacted with 1 mL thiobarbituric acid (TBA 0.67%), and the mixture was then heated at 100°C for 30 min. The absorption of cooled samples was measured at 532 nm. Malondialdehyde concentrations were calculated as mol/L (13).
Statistical analysis. Data were analyzed using the Statistical Package for Social Sciences version 11·0 (SPSS Inc., Chicago, IL). Comparisons between the three groups were done using analysis of variance. Statistical correlations between malondialdehyde and the other variables (zonal lengths) were studied using the Pearson test (r). In addition, multiple linear regression analysis was performed to determine which variables predicted total zonal length in rats receiving phototherapy. We included groups (group B ϭ 1 and group C ϭ 2) and malondialdehyde levels as independent variables in the model. Data are presented as means (SD), and results were accepted as statistically significant at p Ͻ 0.05.
RESULTS
Compared with zonal lengths on d 7 after phototherapy between the groups, the phototherapy group (group B) had significantly lower values than the controls (group A) for all zonal lengths (p Ͻ 0.001). Zonal lengths of growth plate were increased significantly by treatment with pentoxifylline (group C) for 7 d, compared with groups A and B (p Ͻ 0.001) ( Table 1; Figs. 1 and 2).
After phototherapy, the phototherapy group (group B) had significantly higher values than the controls (group A) for plasma malondialdehyde levels (5.8 Ϯ 0.41 versus 5.09 Ϯ 0.25 M, p Ͻ 0.001). The administration of pentoxifylline also resulted in a decrease in malondialdehyde levels in group C (4.2 Ϯ 0.62 M, p Ͻ 0.001). No correlations were found between malondialdehyde levels and growth plate zonal lengths in group A. Plasma malondialdehyde levels were correlated with the size of proliferative zone in group B (r ϭ Ϫ0.539, p: 0.014). However, there were no correlations between malondialdehyde and the other zonal lengths in group C (Table 2 ). In multiple linear regression model for groups B and C, receiving pentoxifylline treatment was the best predictor of the size of total zonal length (␤ ϭ 0.714, p Ͻ 0.001), with the total variance explained being 51% (Table 3) . We included groups (group B ϭ 1 and group C ϭ 2) and malondialdehyde levels as independent variables in the model.
DISCUSSION
In this study, we again documented experimental evidence of adverse effects on the growth plate of phototherapy as we did in our previous study. Moreover, we demonstrated that pentoxifylline would ameliorate the adverse effects of phototherapy on the growth plate. In a growing bone, growth plate contains proliferating and expanding chondrocytes together with cartilage matrix and is the site of longitudinal growth (14) . Various genetic, nutritional, and environmental factors determine and affect linear growth and bone turnover, but in this article, we focused on a damaged growth plate by phototherapy and its protection by pentoxifylline treatment.
In our previous study, we described the damaging effects of phototherapy on an active growth plate in the newborn rats (12) . This effect had been illustrated by the dramatic reduction in proliferative activity observed after phototherapy and by the marked loss of zonal lengths had been reached in 1 wk. Recent researches have revealed that phototherapy (up to 40 mW/ cm 2 /nm) is a photodynamic stress and can induce lipid peroxidation (15,16). Du et al. (17) reported that lipid peroxidative stress analyzed by the malonaldehyde assay was significantly elevated in photodynamic-treated cells. Ostrea et al. (18) reported that the exposure of red blood cells to phototherapy light in the presence of a sensitizer (bilirubin) Group A, control group; group B, phototherapy-exposed group; group C, phototherapy-exposed and simultaneously administered pentoxifylline group.
* Significance between the three groups (A vs B, A vs C, and B vs C). 164 resulted in oxidative injury to the red cell membrane as manifested by a significant increase in the concentration of the products of lipid peroxidation in the membrane and hemolysis.
The in vitro bilirubin-sensitized photoreaction damages the erythrocytes mainly at the membrane level. In particular, a dramatic decrease of adenosine triphosphatase activity and an increased susceptibility to lipid peroxidation, expressed as malondialdehyde production, were observed (19) . There is increasing evidence that many severe diseases of the neonate are caused by oxidative injury and lipid peroxidation. We therefore studied malondialdehyde concentrations, which is a highly reactive metabolite of free radicalinduced lipid peroxide in newborn rats to determine lipid peroxide concentrations. In this study, pentoxifylline had been shown to partially protect growth plate from the effect of phototherapy in a skeletally immature rat model. Earlier studies have indicated that pentoxifylline reduces oxygen radical production and protects against tissue damage in vivo by the action of its metabolites (20, 21) . The effects of pentoxifylline on membranes may explain its effects on cell deformability, inhibition of neutrophils priming by TNF-␣, diminished adherence and aggregation, reduced superoxide production, and improved locomotor responses (22) . The positive influence of pentoxifylline on the microcirculation and peripheral oxygenation led to applications of the drug in experimental radiotherapy to improve oxygenation and in restoring the radiobiological effectiveness of photon irradiation (23) (24) (25) (26) . In these experiments, pentoxifylline was shown to diminish the incidence and severity of late radiation injury. The mechanisms responsible for this effect are unknown. The increase in this oxidative stress cascade within growth plate zones suggests that this mechanism may be responsible for the molecular changes leading to decrease the cellularity of zones. The zonal lengths were increased by the inhibition of oxidative stress by treating with pentoxifylline. Malondialdehyde levels were thought to be decreased to protect from the detrimental effects of injury.
As expected, an interaction and inverse correlation between pentoxifylline and malondialdehyde levels were noted. However, pentoxifylline was partially effective at d 7 with a low dose (50 mg/kg twice daily). We concluded that malondialdehyde alteration was a protective response as a result of antioxidant effect of pentoxifylline. Moreover, in the study, it was not clear that there has been a problem clinically with phototherapy causing growth plate injury. Further studies are required to document permanent limb length discrepancies in an animal model.
There are several limitations in our study. The only growth plate functional endpoint measured here is growth plate and zonal height. There is no demonstration in this study that the effects of phototherapy even in this animal model are long lasting because the limb lengths were not measured at the end of the growth period to determine whether the limbs treated with phototherapy were in fact short. Therefore, we do not know whether the change in growth plate height is a transient. There is no analysis of the effects of phototherapy (or malondialdehyde) on any other of the multiple potentially important parameters, such as effects on proliferation (as measured by proliferating cell nuclear antigen or bromodeoxyuridine immunohistochemistry), effects on cellularity (as measured by matrix area fraction, clone formation, and the various immunohistochemical markers of importance to the growth plate.
In conclusion, we demonstrated functional damage to the growth plate and adverse effect on longitudinal growth of phototherapy. Therefore, the usefulness of phototherapy in healthy, full-term infants is currently being questioned. Although very commonly used in clinical practice, there still seems to be a lot to study and learn about the effects of phototherapy on humans. Using an in vivo newborn rat model, this study described the effects of phototherapy (light exposure) on the length of growth cartilage layers. As a result, we found significant decreases in zonal lengths of cartilage layers in the rats at 7 d after initiation of phototherapy, probably through increased oxidative stress. In addition, this lightinduced attenuation of endochondral ossification was redeemed by the systemic administration of an antioxidant, suggesting the effectiveness of such an antioxidant for the prevention of the observed adverse effects of phototherapy. Group A, control group; group B, phototherapy-exposed group; group C, phototherapy-exposed and simultaneously administered pentoxifylline group. * Correlation is significant at the 0.05 level.
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